Relatively little information is available concerning the natural history or population ecology of the montane akodont, Akodon montensis, a sigmodontine species that harbors Jaborá and Ape Aime hantaviruses. On the basis of mark-recapture sampling of 3 locales during 2 years, this report provides comparative data on populational and other characteristics of the species near its distributional limit, in the Upper Paraná Atlantic Forest in Paraguay. We found A. montensis to be almost exclusively terrestrial (nonarboreal) and to vary in population density among locales and between years, findings consistent with earlier studies. Population density was not related either to neotropical seasonality or to most precipitation variables, but sex ratio varied seasonally, which has not been reported previously. We evaluated the seroprevalence of hantavirus in A. montensis, in association with external, populational, and individual variables. As in most previous studies of rodent-hantavirus systems, seroprevalence varied among sampling locales and was higher among males. However, unlike previous reports, especially those from North America, we did not find a correspondence between seroprevalence and population density, seasonal variation, or most precipitation variables. Simple and direct associations between seroprevalence levels and either seasonality or precipitation may be less characteristic of humid neotropical or subtropical systems. Our analyses revealed that seropositive animals exhibit several noteworthy behavioral and life-history modifications, in particular that they have larger home ranges than do seronegatives; exhibit greater maximum distance moved; have greater home range displacement between sampling sessions, particularly those individuals that are seroconverting during the same period; and have greater longevity, especially among males. In general, these characteristics could be postulated as favorable to the capacity of the virus to be transmitted horizontally to other hosts.
, favoring sites with increased litter and dense herbaceous cover (Gentile and Fernandez 1999) , both of which are characteristic of forest edges and disturbed areas (Malcolm 1994) where it is often found abundantly (Bergallo and Magnusson 1999) . It can occur abundantly in second-growth areas and often near human habitation and/or agricultural edges (Nitikman and Mares 1987) .
Akodon montensis is a species that hosts 2 distinct strains of hantavirus (Jaborá and Ape Aime- Chu et al. 2006 Chu et al. , 2009 . Moreover, it extensively inhabits an ecoregion that is home to approximately 30 million human inhabitants (Di Bitetti et al. 2003) and undergoing rapid land-cover change that may promote hantavirus prevalence in the host species . Therefore, we undertook this study to investigate some of the factors that may affect both population and individual characteristics, and hantavirus occurrence and prevalence levels, within A. montensis.
In North America outbreaks of hantavirus pulmonary syndrome (HPS) have been correlated with precipitation patterns (Eisen et al. 2007; Engelthaler et al. 1999; Gubler et al. 2001; Yates et al. 2002) , and remotely sensed indices of vegetation greenness (a surface property closely related to interannual climatic variation) have been correlated with HPS cases, as have topography (elevation and aspect) and host macrohabitat (Calisher et al. 2002; Eisen et al. 2007; Glass et al. 2000 Glass et al. , 2002 Mills et al. 1997 ). However, a growing awareness has emerged that increases in host-rodent population density driven by climate-induced resource availability do not necessarily translate into an increase in viral infection rates within the host-rodent population, or to increased occurrence of HPS (Davis et al. 2005; Stapp 2007 ).
Habitat or landscape characteristics also might promote or constrain the prevalence of hantaviruses in their host populations Langlois et al. 2001; McIntyre et al. 2005 McIntyre et al. , 2009 . Anthropogenic landscape disturbances have been linked to presence of hantavirus ), especially in tropical or subtropical forest (Suzán et al. 2006) . In contrast, human disturbance is negatively correlated with hantavirus presence in a North American desert environment (Lehmer et al. 2008) . In general, occurrence and prevalence of hantaviruses within areas of reservoir endemism may be related more complexly to a combination of environmental and landscape factors in South America, a region with a complex biogeographic history, particularly for sigmodontine rodents .
Ecological disturbances, especially those of anthropogenic origin, might play a role in the emergence of hantaviruses as human pathogens (Mills 2006; Ruedas et al. 2004; Sauvage et al. 2007; Suzán et al. 2008 Suzán et al. , 2009 . Given the accelerating pace of anthropogenic changes to the environment, especially in the UPAF of Paraguay (Huang et al. 2007) , it is imperative that we identify ecological variables associated with such risk.
Effects of the virus on host individuals and populations are poorly understood. Although most studies have failed to reveal effects on the host of hantaviral infection of such variables as respiratory function (O'Connor et al. 1997) , survivorship (Douglass et al. 2001) , or dispersal (Lonner et al. 2008) in adult Peromyscus maniculatus, physical condition in Myodes glareolus (Yanagihara et al. 1985) , and maturation rates, survival, and fecundity in adult Rattus norvegicus (Childs et al. 1989 ), a body of evidence is emerging that hantaviruses have subtle but significant effects on their hosts. For example, infected animals have lower survival rates for adult M. glareolus (Kallio et al. 2007 ) and neonatal Mus musculus (Kim and McKee 1985; Tsai et al. 1982) , lower body mass in juvenile P. maniculatus (Borucki et al. 2000) , slower weight gain in juvenile R. norvegicus (Childs et al. 1989) , elevated testosterone levels in R. norvegicus (Easterbrook et al. 2007) , and less weight gained after seroconversion in P. maniculatus (Douglass et al. 2007) .
A variety of behavioral and ecological traits in rodent hosts, such as aggression or ranging, may be factors that alter risk of infection (Escutenaire et al. 2002; Hinson et al. 2004 ). Thus, identification of both ecological and behavioral traits associated with viral presence and prevalence in a host population is necessary in determining why certain hosts within a population are more susceptible to infection than are others and which factors facilitate or inhibit viral transmission and influence other aspects of infectious disease ecology and epidemiology (Abbott et al. 1999; Giuggioli et al. 2005) .
Previous studies examining ecological variables (e.g., Armién et al. 2004; Biggs et al. 2000; Boone et al. 2000; Calisher et al. 1999; Loehman 2006; Mills et al. 1999 Mills et al. , 2007 Olsson et al. 2005; Root et al. 1999; Suzán et al. 2006; Yates et al. 2002) typically have focused on a macroscopic scale, identifying regional variables associated with hantavirus presence and prevalence in host populations. The likelihood of detecting hantaviral antibodies in hosts has been correlated with rodent density, biodiversity, topography, and vegetation at a macroscopic scale (Biggs et al. 2000; Boone et al. 2000; Glass et al. 2000; Olsson et al. 2002 Olsson et al. , 2005 Peixoto and Abramson 2006; Root et al. 1999; Suzán et al. 2006 Suzán et al. , 2008 Suzán et al. , 2009 Yates et al. 2002) , but relatively few published studies have examined possible ecological associations of host or hantavirus presence or prevalence at a finer scale of resolution, such as the scale of an individual host's territory (Abbott et al. 1999; Gottesman et al. 2004; Lozada et al. 2000) or an individual animal. A consideration of scale is crucial, however, to our understanding of the environmental variables associated with disease risk (Giuggioli et al. 2005) . Differences may exist in the relative influences of landscape versus local variables (Orrock et al. 2000; Suzán et al. 2006) in explaining seasonal or other patterns in human cases (Davis et al. 2005) .
Several studies have emphasized the importance of examining host and viral associations at multiple geographic scales McIntyre et al. 2005 McIntyre et al. , 2009 ). We suspected that both the abundance of the hantavirus reservoir species and seroprevalence levels within the reservoir population are associated complexly with a suite of biotic and abiotic environmental variables, and that these associations might be differentially detectable at the population and individual levels. This study, therefore, examines characteristic associations at the scales of the host population (as sampled by mark-recapture grid) and the host individual.
We evaluated patterns of population abundance, density, sex ratio, individual home-range size, home-range displacement over time, and longevity of A. montensis, the primary reservoir for Jaborá virus in eastern Paraguay. Comparisons were made between sexes, among habitat types, between years, and among precipitation seasons, and we then compared these patterns between seronegative and seropositive host rodents.
MATERIALS AND METHODS
Study area.-This research was conducted within the Reserva Natural del Bosque Mbaracayú (RNBM), a World Biosphere Reserve located within Departamento Canindeyú in northeastern Paraguay. Although no confirmed HPS cases have been reported in Canindeyú, the region is significant for research because of the presence of rodent vectors for hantavirus (Chu et al. 2003) and anecdotal information on possible cases in indigenous populations (M. Hurtado, Arizona State Univ., pers. comm.).
RNBM is located within the UPAF ecoregion ( Fig. 1 ) and is one of several privately managed protected areas in Paraguay. RNBM covers about 590 km 2 and is divided into an inner conservation core, dominated by 1 large forest fragment, the largest extant UPAF forest fragment in Paraguay, and an outer buffer area. Access to the inner core area is limited, and forest conversion does not occur in this area due to its protected status. Within the buffer zone of the reserve are a number of inhabited areas, including indigenous (Ache, Guarani) and rural Paraguayan communities, minifundias (small, subsistence farms), latifundias (larger commercial farms), and estancias (ranches). Although prohibited by law since 2004, some land-use and land-cover conversion continues in the outer buffer zone of the reserve, typically near the inhabited areas.
Management of the area as a biosphere reserve provides some relative control to compare areas surrounding the Reserve that are undergoing rapid land-cover conversion. This conversion is primarily of forested land to agriculture (crop or pasture), interspersed by smaller forest remnants (Koch et al. 2007 ). The intensive mosaic of surface cover characteristic of this area provides a variety of potential rodent habitat, thus providing an excellent opportunity to investigate the habitat characteristics of a predominant reservoir and vector for hantavirus, A. montensis.
Our study was conducted as part of a larger research program to investigate the effect of anthropogenic disturbance on hantaviral dynamics in the UPAF of Paraguay. Data collection consisted of 2 components: mark-recapture sampling of rodents for ecological (individual, population, and community) and seroprevalence analysis; and vegetation sampling to determine the composition and structural characteristics of habitat. We selected 3 sites on which to establish rodent trapping grids (Table 1; Fig. 1 ). These locales were chosen to represent a cross-section of potential microhabitat types representing a continuum of human disturbance. Two of the sites, Jejui Mi A (JJA) and Jejui Mi B (JJB), were native forest sites chosen for their relatively low levels of human disturbance. Both of these sites show some evidence of selective logging, although indicators of human disturbance (stumps, etc.) are much more evident on JJA than JJB. On both sites the observable human disturbance typically is more than 15 years old, and the general history of land management in this area would suggest that this selective logging probably occurred between 1960 (Cartes 2003 . Rama III B (R3B), another native forest site along the edge of the reserve, was included due to its more recent disturbance by human forest conversion. Detailed information on these 3 sites is provided in Goodin et al. (2009) .
Mark-recapture sampling.-A mark-recapture grid was established at each of the 3 field locales to collect demographic and ecological information and physical samples from rodents. These mark-recapture grids were monitored on a rotating basis between February 2005 and December 2006 (Table 1) . To account for the sensitivity of rodent populations to seasonal variability, the trapping sessions were spaced throughout the year. On the basis of the 30-year climatic mean for precipitation in the RNBM area, we defined 3 precipitation seasons ( Fig. 2 ) of equal length as potentially important to both rodent and hantavirus annual fluctuations: dry (JuneSeptember), wet (October-January), and transitional (February-May). Each of the 3 mark-recapture grids consisted of an 11 3 11 array of trap stations spaced 10 m apart over an area of <1 ha. Except for the initial session (locale R3B, February 2005, 7 nights sampling), each trapping campaign consisted of 8 consecutive nights to enable robust estimates of population sizes. Although our primary focus in this paper is on A. montensis, our trapping protocol was designed to sample the entire nonvolant small-mammal community in each locale. Therefore, each trapping station had 1 standard Sherman live trap (7.5 3 9.0 3 23.0 cm; H. B. Sherman Traps, Tallahassee, Florida) placed on the ground, and another placed in branches or vines 2-3 m above ground, to sample species that are primarily arboreal. Traps were baited each evening with a mixture of rolled oats and peanut butter.
Traps were checked each morning and animals processed and released at the point of capture. For each capture, the species, date, grid, trap station number, and trap placement (ground or aboveground) were noted. Upon first capture, a passive integrated transponder (PIT) tag (12.5 3 2.0 mm; Biomark Inc., Boise, Idaho) was implanted subdermally, and a small (1-2 mm) snip was taken from the tip of the tail to provide material for DNA sequencing for confirmation of specific identity, if needed. Upon each recapture, the PIT tag number was recorded along with the specific identity, sex, age class, reproductive condition, weight, and general health of the animal, and the presence of any lesions or scars indicative of agonistic encounters possibly pertaining to hantavirus transmission (Hinson et al. 2004) . If the capture was the first for the animal during the 8-night sampling session, a blood sample was obtained by retro-orbital bleeding and preserved in a 2-ml cryotube in liquid nitrogen. All field protocols followed American Society of Mammalogists guidelines for the use of wild mammals in research (Gannon et al. 2007 ) and were approved by the Texas Tech University Animal Care and Use Committee.
Analyses of serostatus for hantaviral antibodies.-Blood samples were tested for the presence of hantaviral antibodies using an immunofluorescence assay (IFA) that screens for hantaviral antibodies in radiation-inactivated Andes virusinfected Vero E6 cells, as described in Chu et al. (2003) . Throughout the study presence of antibodies to Andes virus by IFA was used as an indicator of reservoir serostatus.
Estimation of Akodon montensis population and individual parameters.-Population estimates were calculated using the program MARK (White and Burnham 1999) for each species encountered during each sampling session on each grid. We used the Huggins closed-capture model, allowing variable capture probabilities among sampling events (trapping nights) and constraining the probability of capture and recapture to be equal. Although this model appears appropriate for our data and concordant with our understanding of the biological characteristics of the populations under study, it did not provide robust or reliable estimates for populations in which 4 or fewer individuals were encountered. In these instances, the minimum number known alive (MNKA) was used as the population estimate.
Population density was calculated for A. montensis as the estimated population divided by the effective grid size. The effective grid size assumes that the trap-station configuration is effectively sampling an area that extends beyond the borders of the grid by a distance equal to one-half of the mean maximum distance moved (MMDM), calculated using only those individuals with 3 or more captures (Schnell et al. 2008 ). This maximum distance moved is calculated as the hypotenuse of a right triangle, the other 2 sides of which are the differences between the greatest and smallest values of row and column where an animal was encountered. Preliminary analyses of MMDM indicated variation among sampling sessions in 1 locale (R3B), so effective grid size was calculated separately for each session in each locale, and population densities were calculated accordingly.
Home range was estimated as the 75% utilization distribution (UD) for each individual that was encountered at 3 or more trap stations during a particular session. We used program CALHOME (http://nhsbig.inhs.uiuc.edu/wes/home_ range.html) for this, and used the lowest least-squares crossvalidation (LSCV) score as the criterion for selecting the bandwidth, or smoothing parameter. Generally, the default values in CALHOME resulted in the lowest LSCV score.
Home-range displacement was calculated as the straightline distance between the UD centroid of an individual during 1 trapping session and the centroid during a subsequent session. UD centroids were defined as the arithmetic centroid of the 10% UD, also calculated using program CALHOME and the LSCV score criterion.
Longevity (in months) was estimated for each individual at the time of each trapping session as the minimum time that the animal was known to have been alive. For the first capture, an animal was assessed to have been alive for a minimum of 1 month if it was a juvenile, 2 months if subadult, and 3 months if adult. For captures in subsequent sessions the number of months between sessions was added to the age estimated at 1st capture.
The sex ratio was calculated for each A. montensis population on the basis of the numbers of individuals encountered (MNKA) during the trapping session. Sex ratio was expressed as the proportion of males in the population.
Seroprevalence was calculated as the ratio of seropositive individuals to all individuals screened for serostatus. See Chu et al. (2003 Chu et al. ( , 2006 for description of analytic techniques and criteria for determining presence of antibodies to hantaviral antigens.
Precipitation history was expressed as several variables for each trapping session. These included the total accumulated rainfall of the current month, most recent 2 months (including current month), most recent 3 months, most recent 6 months, most recent 12 months, and of the same 4-month precipitation season (T, D, or W) of the previous year. Precipitation values for 2004, 2005, and 2006 were obtained from the TRMM 3B43 data set, and climatological averages are from the 1961-1990 CRU 0.5-degree mean monthly climate data set (New et al. 1999) .
All distributions of quantitative variables characterizing populations and individuals were skewed and/or kurtotic. These variables (population abundance and density, sex ratio, and seroprevalence, and individual home range, home-range displacement, and longevity) were transformed to normalized rank variables using the formula of Blom (1958) , and these transformed variables were used in the analyses described below. Because most analyses of variance (ANOVAs) described below were of unbalanced design, tests for significant differences among group means were based on comparisons of least-squared means, which is appropriate for unbalanced design (Sokal and Rohlf 1981) . All statistical analyses were done using SAS 9.1.3 (SAS Institute, Cary, North Carolina).
Analyses of population-level characteristics.-Two-way ANOVAs were used to investigate the variation of Akodon population abundance and density across years and locales, and sex ratio and seroprevalence across seasons and locales. One-way ANOVAs were used to compare seroprevalence across seasons for each locale separately. The ANOVA model can be applied to data without replications in certain circumstances (Sokal and Rohlf 1981) . In our analyses the error term was derived from multiple random samplings of the population, in that each capture of a rodent is a sample of the rodent population, and each viral antibody screening is a sampling of the antibody prevalence in the host population. This derivation of the error sum of squares enables testing of both main effects and interaction in the ANOVAs. We accepted main or interaction effects to be significant only when the overall model was significant. Where ANOVA results were statistically significant for a main or interaction effect, least-squares means comparisons were used to identify significantly different groups. Stepwise regression analysis was used to evaluate the effects of seroprevalence and precipitation history on population abundance, density, and sex ratio.
Analyses of individual-level characteristics.-Two-way ANOVAs were used to assess the effects of sex and serostatus on A. montensis home-range size, across grids, seasons, and years, and for all data combined. Differences between means of seropositive and seronegative individuals, and between males and females, were compared using the least-squared means.
One-way ANOVAs were used to test for differences of MMDM between serostatus classes, sexes, and years, and among seasons and locales. Additionally, two-way ANOVAs were conducted to evaluate interaction effects between serostatus and other variables, and between sex and other variables.
Two-way ANOVAs were conducted to assess the relationship between longevity and the serostatus and sex of individuals for all data combined, and for each season, locale, and year separately. Because significant interaction was found between the effects of sex and serostatus on longevity in several of these tests, additional one-way ANOVAs of the effect of serostatus on longevity were run for each sex separately for each of the above comparisons.
Home-range displacement between sampling sessions (HRD) was evaluated by 1-way ANOVAs due to small available samples for this variable, which required that an animal be encountered and captured several times to calculate a 10% UD in 2 or more sampling sessions. Analyses were conducted of all individuals, and of males only, to determine whether seropositive and seronegative animals showed differences in the displacement of their home-range centroids from the previous sampling session. Additionally, we tested seropositive animals to determine whether those animals that seroconverted (from negative to positive) during the same period exhibited differential HRD relative to those that already were seropositive in the previous session.
RESULTS
General results.-In 38,720 trap nights of effort we recorded 1,018 captures (2.6% overall trap success) of 361 individuals, representing 7 species (6 sigmodontine and 1 didelphid) and 5 genera (Table 2) Akodon montensis population characteristics.-Akodon population abundance and density varied significantly between years and among locales, but not seasonally, nor were there significant interaction effects between the independent variables ( Table 3) . The best regression model for population abundance (F 1,15 5 7.02; P 5 0.018; R 2 5 0.319) included only 1 of the 8 independent variables available, Precip12, the total accumulated rainfall over the previous 12 months. Similarly, stepwise regression of population density indicated that the best model included only Precip12 (F 1,15 5 7.06; P 5 0.018; R 2 5 0.320). In contrast to population abundance, the sex ratio in Akodon populations did not vary between years or among locales but did vary seasonally, with males comprising around 39% of the population in the transitional season compared with 52-54% in the dry and wet seasons (Table 3) . Although the overall model was not significant for this analysis, the least-squares means test confirmed the transitional-season sex ratio as significantly different from the other seasons. Stepwise regression indicated that none of the tested variables was a significant predictor of sex ratio.
Population characteristics in relation to seroprevalence of Hantavirus.-Akodon population seroprevalence varies significantly among locales, with each of the 3 locales differing significantly from the others. Additionally, an interaction effect between locale and season on seroprevalence of Akodon populations was significant (Table 3) . To understand better the nature of this interaction, a one-way ANOVA was run to test for the effect of locale on seroprevalence for each season separately. Least-squared means tests showed significant differences among locales in the transitional and dry seasons but were not estimable due to insufficient samples in the wet season. Regression analysis failed to produce a significantly supported model of seroprevalence on the basis of precipitation history, or on the basis of Akodon abundance, sex ratio, and precipitation history.
Individual characteristics in relation to Hantavirus infection.-For all comparisons, seropositive animals had larger home ranges than seronegative ones (Table 4) . For all data combined, seropositives had home ranges averaging twice as large as seronegatives, although the difference was marginally nonsignificant (overall model: F 3,57 5 1.44; P 5 0.2410; main effect: F 1,57 5 3.89; P 5 0.0535). Evaluation of the two-way comparisons by season, by locale, and by year demonstrated both seasonal and locational differences in serostatus relative to home-range size, with seropositive animals having significantly larger home ranges than seronegatives in the transitional season and in the population found in locale JJB.
Mean maximum distance moved varied significantly between serostatus classes (positive 5 45.2 m, negative 5 30.7 m; F 1,124 5 4.85; P 5 0.0295). MMDM differed between sexes (male 5 39.5 m, female 5 26.3 m; F 1,124 5 10.79; P 5 0.0013) and among seasons (wet 5 47.6 m, dry 5 32.2 m, transitional 5 29.9 m; F 1,123 5 3.74; P 5 0.0264), and a significant interaction between these effects was found (overall model, F 1,120 5 5.75; P , 0.0001; interaction effect, F 2,120 5 4.59; P 5 0.0120). One-way analyses of sex in each season subsequently indicated a significant difference between sexes only in the dry season (male 5 42.7 m, female 5 18.9 m; F 1,39 5 12.50; P 5 0.0011).
An interaction effect on individual longevity between sex and serostatus was highly significant (Table 5) . Subsequent 1-way ANOVAs of the effect of serostatus on longevity for each sex separately indicated that serostatus significantly affected longevity for males but not for females.
Analyses of each season separately showed an interaction between the effects of serostatus and sex on longevity in the dry and wet seasons. Longevity differed significantly according to serostatus in the dry season (sexes combined), in males in the dry season, and in females in the wet season (Table 5 ). An interaction effect between serostatus and sex on longevity was significant in 1 locale (R3B) and 1 year (2005) . Longevity differed significantly according to serostatus in males in 2 locales (R3B, JJB) and in both years.
With sexes combined, seropositive animals had a significantly greater mean HRD (63.1 m) than seronegatives (22.1 m) (F 1,7 5 9.56; P 5 0.0175). Seropositive males also showed significantly greater mean HRD (63.1 m) than seronegatives (14.1 m; F 1,5 5 8.01; P 5 0.0366). The difference in HRD for seroconverted animals (78.0 m) and those that were already positive (40.8 m) was marginally nonsignificant (F 1,3 5 7.52, P 5 0.0712). 
DISCUSSION
Ecology of Akodon montensis in western UPAF.-Little is known of the ecology or natural history of A. montensis because few studies have been conducted and the species has been recognized only recently as distinct from A. cursor (Christoff 1997; Geise 1995; Geise et al. 1998 Geise et al. , 2001 ). Limited reports exist regarding habitat (Figueiredo and Fernandez 2004; Gentile and Fernandez 1999) , abundance (Bergallo and Magnusson 1999) , food habits (Carvalho et al. 1999; Emmons and Feer 1990; Talamoni et al. 2008; Vieira et al. 2006) , and reproduction (Bergallo and Magnusson 1999; Gentile and D'Andrea 2000) . Notably, none of these reports is based on studies in Paraguay or other localities near the western edge of the species' distribution (Cartes 2003; Di Bitetti et al. 2003) . Thus, this report provides comparative data on populational and other characteristics of the species near its distributional limit. This may be of particular importance as the UPAF becomes increasingly deforested and fragmented, as these changes generally result in increased presence of forest edges and second-growth areas (Malcolm 1994 ) that could favor A. montensis populations (Gentile and Fernandez 1999; Umetsu et al. 2008) , especially if the fragments are connected by corridors of suitable habitat (Pardini et al. 2005) .
Our data confirm that A. montensis is a consistently terrestrial species, consistent with the findings of Vieira and Monteiro-Filho (2003) and Oliveira et al. (2007) , only rarely venturing into low branches or vines. Pardini et al. (2005) found A. montensis to be most abundant in small, connected forest fragments with dense understory and sparse overstory. In our study population density varied considerably among our ) are shown for males and females and for seropositive and seronegative animals. Means within the same row followed by the same letter have nonsignificant difference (on the basis of least-squares means of ranked values, a 5 0.05). Means within the same row followed by different letters have significantly different means of ranked values. Means with no letters indicate that 1 or both least-squared means were not estimable. Line indicates that F-value was not estimable or no seropositive individuals were encountered. 3 sampling locales and between our 2 sampling years. These results indicate the importance of vegetational structure Püttker et al. 2008) . Although increased precipitation has been linked to rodent population irruptions in southern South America (Jaksic and Lima 2003) , no published reports of such irruptions in Paraguay exist, and we are unaware of any reported relationship between precipitation and population density in A. montensis. In our study 12-month cumulative total precipitation was a significant predictor of population density. Precipitation levels were considerably lower in 2005 than in 2004 (Fig. 2) , and population densities of A. montensis were significantly lower in 2006 than in 2005 (Table 3) . Population density did not vary significantly by season (defined by climatic precipitation values), perhaps reflecting the high level of interannual variation in monthly or seasonal precipitation.
In contrast to general populational trends, we found that sex ratio varied seasonally, with females constituting around 60% of the population during the transitional season compared with about 50% during the rest of the year. Nevertheless, none of the precipitation variables predicted sex ratio, suggesting that the rise in female predominance in the population is an annual phenomenon not related proximally to precipitation. Although the annual fluctuation in sex ratio could be expected to relate to an annual fluctuation in population abundance, we did not find this to be the case as neither population abundance nor density was found to vary significantly by season. One possible explanation of a sex ratio favoring females is the presence of XY* females in the population. These females produce approximately a 2:1 ratio of viable female to viable male embryos (Bianchi 2002 ) and thus could affect populational sex ratio in the manner we observed, although we are unaware of any reports of temporal (including seasonal) variability in either the relative abundance of XY* females in A. montensis populations or in their relative reproductive activity. Alternative explanations of these results are reduced trappability of males or increased trappability of females (or both) during the transitional season, rather than fluctuation in TABLE 5.-Two-way (sex 3 serostatus) and 1-way (serostatus) ANOVAs of longevity in Akodon montensis. Significant differences are indicated by asterisks: * 0.05 P . 0.01; ** 0.01 P . 0.001; *** 0.001 P. F-values are shown for overall model and main and interaction effects, with d.f. in parentheses for overall models and treatment; d.f. 5 1 for all main and interaction effects. For each 2-way test, F-values (on the basis of rank-normal transformed longevity values) are shown for overall model, sex, serostatus, and interaction effect, and mean longevity values (in months) shown for seropositive and seronegative animals, and for males and females. For 1-way tests, F-value is shown for serostatus, and mean longevity is shown for seropositive and seronegative animals. Means within the same row followed by the same letter have nonsignificant differences (on the basis of least-squares means of ranked values); means within the same row followed by different letters have significantly different means of ranked values. Line indicates F-value not estimable or no seropositive individuals were encountered. the actual sex ratio. We cannot definitively exclude either of these possibilities on the basis of our data, and our provisional conclusion that fewer males than females are present in the population during the transitional season needs further investigation. Püttker et al. (2006) found that A. montensis had the lowest MMDM (26.3 m) of 5 rodent species in an Atlantic Forest setting but did not find differences between sexes or among seasons. In contrast, we found differences in MMDM between sexes and among seasons and some interaction between these 2 effects. With seasons combined, males moved farther than females. Evaluated seasonally, this trend held true in the dry season but not in the other 2 seasons. Overall (sexes combined), however, individuals tended to move farther in the wet season than in the other two seasons.
Ecological and behavioral aspects of Hantavirus infection.-In contrast to previous studies (e.g., Engelthaler et al. 1999; Gubler et al. 2001; Suzán et al. 2009; Yates et al. 2002) , we did not find that population abundance or density was significantly associated with seroprevalence levels in A. montensis. This finding eliminates hypotheses of densitydependent seroprevalence levels as applicable in the rodentvirus system we are investigating. We hypothesize that such associations are less generally applicable than had been proposed by the earlier investigators, at least in humid subtropical ecosystems that harbor communities of high species richness (Redford et al. 1990 ), especially within the sigmodontine radiations .
Seroprevalence levels did vary consistently among our sampled locales, although the locales were separated by ,5 km and were connected by similarly forested lands undoubtedly occupied by A. montensis. This indicates an important effect of habitat characteristics on seroprevalence, as was found by Goodin et al. (2009 ), Heyman et al. (2009 ), McIntyre et al. (2009 ), and Pearce-Duvet et al. (2006 . Although we are unable from our data to discern specific habitat parameters involved, the highest average seroprevalence levels were found in the locale with the most recent and extensive disturbance (R3B), consistent with conclusions reached in Goodin et al. (2006 Goodin et al. ( , 2009 . Mackelprang et al. (2001) reported higher seroprevalence levels to be associated with anthropogenic habitat disturbance, whereas Lehmer et al. (2008) found a negative relationship between seroprevalence levels and disturbance. Our results suggest that the relationship may be more complex than reported by either of these previous studies. In our study seroprevalence levels differed by locale and this difference varied seasonally. Seroprevalence levels always were lowest in the locale of intermediate habitat disturbance (JJA). Seroprevalence was highest in the locale with the highest level of disturbance (R3B) in the wet and transitional seasons and in the locale with the lowest level of disturbance in the dry season. Pearce-Duvet et al. (2006) reported similar interaction between habitat and season in hantaviral seroprevalence in P. maniculatus in a desert sagebrush community in Utah.
Seasonal variation in seroprevalence levels in Oligoryzomys longicaudatus was reported by Cantoni et al. (2001) . In contrast, we did not find significant seasonal variation in seroprevalence, although seasonal variation in seroprevalence among locales did exist. To our knowledge, our study is the first to report both a lack of consistent seasonal variation together with a strong seasonal interaction with habitat in seroprevalence levels.
Several previous studies have reported correlations between increased precipitation and actual or potential outbreaks of HPS (Engelthaler et al. 1999; Gubler et al. 2001; Yates et al. 2002) . In contrast to the studies of Anyamba et al. (2006) , Conley (2006) , and Parmenter et al. (1999) , our results do not demonstrate a predictive relationship between seroprevalence and precipitation, other than 12-month cumulative totals. Our finding of an absence of response of either population levels or seroprevalence to seasonality or to short-term precipitation patterns may be characracteristic of humid neotropical or subtropical systems with less pronounced seasonality and systems (such as ours) with low precipitation predictability (Fig. 2; Brown and Ernest 2002) . Nevertheless, our finding of a predictive relationship between 12-month cumulative precipitation totals and seroprevalence agrees with Glass et al. (2000 Glass et al. ( , 2002 , who found concordance between seroprevalence levels and remotely sensed indices of vegetation greenness, a surface property closely related to longer-term (annual) precipitation levels.
Very few studies have directly addressed behavioral characteristics of hantavirus hosts that might affect horizontal transmission of the virus. Although Escutenaire et al. (2002) found differences in the mobility of seropositive and seronegative bank voles (Myodes glareolus), Lonner et al. (2008) found no differences in seroprevalence levels of resident and dispersing P. maniculatus. We found that seropositive animals had greater MMDM; larger home ranges in the transitional season and in locale JJB (the least disturbed habitat); and greater HRD between sampling sessions. These represent observable behavioral effects of Hantavirus infection in a natural host, all of which are modifications that would facilitate horizontal transmission of the virus.
Seropositive animals exhibited greater longevity than seronegatives. We note that longevity, as measured in markrecapture sampling such as this, can confound actual longevity with site fidelity. However, given our finding that seropositive animals have higher rather than lower HRD between sampling periods, we believe that our results strongly indicate a higher longevity among seropositive animals, especially seropositive males.
Other studies of hantaviral seroprevalence in host rodent populations generally have not reported the behavioral and ecological associations with infection status that were revealed in our study. Nevertheless, we expect that additional studies designed to incorporate habitat diversity and seasonal and interannual variation will reveal that infection patterns for hantaviruses and other pathogens are associated with demographic and behavioral phenomena.
Along with additional well-designed field-sampling protocols, future investigations will require mathematical modeling that incorporates multiple patches (habitat fragments- Allen et al. 2006a Allen et al. , 2006b McCormack and Allen 2007a) , land-use conversion Goodin et al. 2006 Goodin et al. , 2009 , and other host demographic and biogeographic characteristics (Wesley et al. 2009 ). Additionally, evidence is emerging that land-use conversion and subsequent edge effect may bring multiple potential hosts into contact, thus facilitating ''hostjumping'' and/or genetic reassortment Allen 2006, 2007b) . As demonstrated by our study, of particular importance will be mathematical models that explicitly incorporate spatial and habitat variability and are capable of investigating these phenomena at multiple spatial scales .
RESUMEN
Relativamente poca información se tiene disponible sobre la historia natural o ecología poblacional de Akodon montensis, una especie sigmodontina que alberga los hantavirus de Jaborá y Ape Aime. Basado en muestras de marca-recaptura de 3 localidades durante 2 años, este informe provee de datos comparativos sobre población y otras características de la especie cerca de los límites de su distribución, en el Bosque Atlántico del Alto Paraná en Paraguay. Nuestros resultados, en lo general, apoyan y abarcan estudios previos, demostrando que A. montensis es casi exclusivamente terrestre (no arborícola), y que varía en densidad poblacional entre localidades y años. Aunque no encontramos que las densidades poblacionales estén relacionadas ya sea por estaciones Neotropicales del año o en la variabilidad de las precipitaciones, sí encontramos variaciones estacionales en las proporciones de los sexos, la cual no ha sido reportado previamente. Evaluamos la seroprevalencia de hantavirus en A. montensis, en asociación con variables externas, poblacional e individual. Como en la mayoría de estudios previos del sistema de roedores-hantavirus, encontramos que la predominancia de individuos seropositivos fue más alta en machos, y que los niveles de seroprevalencia variarían entre las diferentes localidades. A diferencia de otros reportes anteriores, especialmente aquellos de América del Norte, no encontramos una correspondencia entre seroprevalencia y densidad poblacional, variaciones estacionales, o entre la mayoría de las variables de precipitación. Asociaciones simple y directa entre niveles de seroprevalencia, y estaciones del año o precipitación, como fueran reportadas en estudios en América del Norte, serían tal vez menos características de sistemas húmedos Neotropicales o sub tropicales. Nuestro análisis revela que animales seropositivos exhiben varios comportamientos notables y modificaciones en su historia natural, en particular: tienen un rango del hogar mayor que los seronegativos; exhiben mayores valores de distancia de movimiento máximo; tienen mayor desplazamiento del rango de hogar entre sesiones de muestreo, especialmente aquellos individuos que se seroconvierten durante el mismo período; y tienen mayor longevidad, especialmente los machos. En general, estas características podrían ser consideradas como favorables a la capacidad del virus para ser trasmitido horizontalmente a otros huéspedes.
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